Abstract. An immunohistochemical assay was developed and tested for detection of Francisella tularensis lipopolysaccaride antigen in tissues of captive prairie dogs (Cynomys ludovicianus). Tissues from 59 cases of F. tularensis were examined by this technique, which was corroborated by direct fluorescent antibody assay and direct isolation of the organism. In infected prairie dogs, studies indicated multiple, severe, necroprurulent foci occurring in the liver, lung, spleen, terminal ileum, and mandibular lymph node. Immunohistochemical analysis of the same formalin-fixed tissues indicated the presence of F. tularensis antigen in neutrophils and macrophages of these lesions and occurring extracellularly in areas of necrosis. This report demonstrates that immunohistochemical analysis is a rapid procedure that can be used to determine the pathogenesis of F. tularensis in rodent populations.
Recently the Texas Department of Health, the Centers for Disease Control and Prevention (CDC), and the Texas Veterinary Medical Diagnostic Laboratory identified tularemia as the cause of a die-off of captive prairie dogs at a commercial animal distributor in Texas. 13 During the outbreak, 250 of an estimated population of 3,600 prairie dogs died within approximately 30 days. 13 Diagnosis of Francisella tularensis in dead and sick prairie dogs was confirmed by direct isolation of the organism, fluorescent antibody testing, and molecular subtyping 13 and was found to be F. tularensis type B. 13 Tularemia is caused by the bacterium F. tularensis and has been reported in North America, Asia, and Europe. 2 Franciscella tularensis has been found associated with a number of species of wild rabbits and rodents. 8, 11 Infection occurs in both animals and humans by way of blood-feeding arthropods, 9, 14, 16, 17 animal bites and scratches, 3 urine-contaminated water, 7 and inhalation of infectious aerosols. 4 A single case of tularemia in a wild-caught prairie dog has been reported previously. 10 This article describes the use of immunohistochemistry to identify the distribution of F. tularensis in an outbreak in captive prairie dogs.
For histologic analysis of both dead and sick prairie dogs, tissues were prepared as previously described. 19 Briefly, formalin-fixed tissue samples were subjected to standard processing, embedded in paraffin, and sectioned at 5 m. Sections were stained with hematoxylin and eosin for standard light microscopic evaluation.
Immunohistochemistry was performed on formalin-fixed, paraffin-embedded tissues, sectioned at 5 m on poly-L-ly- sine-treated slides. The sections were heat fixed, deparaffinized, and rehydrated through graded alcohol washes to distilled water. Individual sections were treated with 0.1 mg/ml of proteinase K for 8 minutes and blocked with 5% normal goat serum in phosphate-buffered saline. Mouse monoclonal antibody a (0.032 g) directed against the lipopolysaccaride (LPS) of F. tularensis 6 was applied to the sections for 30 minutes at room temperature. This was followed by sequential application of biotinylated anti-mouse antibody, avidinalkaline phosphatase complex, naphthol-fast red substrate, and Mayer hematoxylin counterstain using the Nexes automated staining system. b Sections of lung, kidney, pancreas, liver, lymph node, intestine, brain, heart, and spleen were used for immunohistochemical analysis. Positive controls consisted of liver and spleen sections derived from F. tularensis-inoculated mice. Negative controls were included in each analysis and consisted of healthy prairie dog tissues (spleen and liver) incubated with 0.032 g of anti-LPS monoclonal antibody.
For identification of F. tularensis infection, a direct fluorescent antibody assay was performed as previously described. 13 Briefly, touch preparation slides were produced from liver and spleen, and 500 g of fluoresceinated rabbit anti-F. tularensis (Shu strain) was applied to each slide and incubated for 30 minutes at room temperature. After extensive washing the slides were analyzed by fluorescent microscopy. Individual prairie dogs were confirmed positive upon recovery of an F. tularensis isolate. For culture and recovery, tissue samples were inoculated onto cysteine heart agar supplemented with 9% sheep blood after puncture with a sterile wooden stick. The inoculum was streaked for isolation, and plates were incubated at 37 C and checked daily for F. tularensis growth.
A total of 87 tissues were analyzed from 59 prairie dogs. Histologic lesions were noted in liver, mandibular lymph nodes, lung, terminal ileum, and spleen. Necrosis of the lymphoid follicles was seen in lymph nodes (Fig. 1A) and spleen with an associated mixed inflammatory cell response, predominantly consisting of neutrophils and macrophages. In the liver, multifocal necrosis was noted with a similar in- flammatory infiltrate (Fig. 1B) . In the lung, multifocal peribronchiolar inflammation was noted with necrosis and an infiltrate of neutrophils, macrophages, and mature lymphocytes in the bronchiolar-associated lymphoid tissue (Fig.  1C) . The ileal mucosa was heavily infiltrated with neutrophils and macrophages extending from the epithelial surface to the submucosa. Gut-associated lymphoid tissue displayed extensive necrosis and a similar inflammatory infiltrate. No lesions were noted within the heart, bladder, kidney, pancreas, stomach, large intestine, or brain of infected animals. No significant difference was noted in the lesions seen in dead versus sick prairie dogs.
Immunohistochemical analysis predominantly detected free F. tularensis LPS antigen; intact F. tularensis cells were infrequently observed (Fig. 1A, 1D, 1E ). Positive staining of mandibular lymph nodes for antigen was very intense in necrotic foci associated with the follicular areas of the cortex (Fig. 1A) . Where follicles were intact, in either lymph node or spleen, staining was limited to phagocytic cells (Fig. 1D) , whereas mature lymphoid cells remained negative. Positive staining of the spleen was limited to necrotic foci of lymphoid follicles, antigen-presenting cells within intact follicular areas, and inflammatory cells such as macrophages and neutrophils infiltrating the white and red pulp. Positive staining in the liver was limited to Kupffer cells lining the sinusoids (Fig. 1E, thick arrow) , infiltrating inflammatory cells such as tissue macrophages and neutrophils, and free antigen or intact bacteria within the sinusoids (Fig. 1E, thin arrows) . Individual hepatocytes did not stain with anti-LPS monoclonal antibody for F. tularensis, even hepatocytes undergoing nuclear degeneration and necrosis. In the lung, staining was intense in areas of necrosis and inflammation. In bronchiolarassociated lymphoid tissue, staining was confined to antigenpresenting cells associated with intact lymphoid follicles. The pulmonary epithelial cells did not stain for F. tularensis LPS antigen. Within the terminal small intestine, staining was limited to inflammatory cells (neutrophils and macrophages) of the superficial and deep mucosa, and extracellular antigen was noted in areas of necrosis (Fig. 1F) . None of the ileal enterocytes stained positive for F. tularensis antigen (Fig. 1F) . No significant difference in immunohistochemical staining patterns was noted for dead versus sick prairie dogs in this study. None of the healthy (culture negative) prairie dogs stained positive for F. tularensis antigen. This is the first use of an immunohistochemical assay to localize F. tularensis antigen in naturally occurring cases of tularemia in the prairie dog. The present study indicates that both fatal and nonfatal cases of tularemia in prairie dogs can be diagnosed by this assay. This analysis indicates that free LPS antigen is found in abundance within areas of tissue necrosis. Intracellular LPS antigen in this study was localized to necrotic foci and phagocytic cells, predominantly macrophages and neutrophils, and was not seen within epithelial cells of the liver, intestine, salivary gland, heart, bladder, kidney, pancreas, spleen, brain, or mature lymphoid cells of infected animals. In the liver, antigen was not observed in hepatocytes, even in those cells undergoing nuclear degeneration, dissolution, and necrosis. These results were confirmed by the use of a second antibody, a rabbit polyclonal antibody directed against whole F. tularensis (antiShu strain, data not shown). c This is in contrast to a single report indicating that hepatocytes were targets of infection with F. tularensis in vivo, although these studies were done with a nonpathogenic vaccine strain of F. tularenisis in inbred mice and used antibody treatment to alter the neutrophil response in the liver. 1 These observations would suggest that in naturally occurring F. tularensis type B infection in prairie dogs, hepatocyte killing might be a secondary effect. This was also apparent within the terminal portion of the small intestine, where enterocytes were undergoing necrosis in the presence of an intensive inflammatory response, although no epithelial cells stained positive for LPS antigen of F. tularensis. Likewise, no antigen was detected in mature lymphoid cells in follicles of the lymph node and spleen. Whether cell death is due to a secondary effect in this case is less clear. To date no toxin that is directly released by F. tularensis has been described. Soluble mediators like tumor necrosis alpha, released by infected macrophages, have been documented and may play a secondary role in inducing necrosis of host cells in vivo. 5 Human cases of tularemia in North America occur secondary to bites from arthropod vectors like ticks 17 and deer flies, 9 through direct contact with infected animals, 12, 18 by drinking contaminated water, 7 and in association with lawn mowing and brush removal. 4 To date, none of the people handling prairie dogs associated with this outbreak have displayed signs of illness compatible with tularemia.
Both wild rodents and rabbits should be considered potential carriers of F. tularensis. 11, 15 Presently, the wild animal reservoirs for this pathogen have not been fully characterized in North America. Given the simplicity of this assay for describing the pathogenesis of this organism in wildcaught rodents, more studies can be initiated to describe the ecology of transmission in nature as well as reservoir hosts and tissues within specific rodent populations in North America. 
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